Abstract-Plasmon-induced transparency (PIT) is a key addition to mimicking the quantum phenomena of electromagnetically induced transparency (EIT) in atomic systems. So far, various metamaterial structures have been proposed to excite and manipulate the PIT effect. However, most of the reported works were based on 2-D metal structures, and consequently, the PIT phenomena often arise from their electric responses. Here, we propose a novel PIT metamaterial scheme based on three vertically placed split ring resonators (SRRs) working at terahertz frequencies. This stereo structure, with a typical EIT-like transmission, couples to both the electric and magnetic fields of the normally incident wave. We numerically demonstrate that the coupling between the radiative and subradiative elements can be modulated not only by their mutual separation but also by the vertical height of the SRRs. In addition, a classical Fano resonance model is applied to explain the coupling effects of EIT-like transmission spectra, which is in good accordance with the numerical results. Considering the higher design freedom of the stereo metamaterials, our work provides a promising way for PIT metamaterial and terahertz slow light device research.
I. INTRODUCTION

E
LECTROMAGNETICALLY induced transparency (EIT)
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Digital Object Identifier 10.1109/JSTQE. 2017.2657681 to mimic EIT in classical systems. In particular, EIT can be extended to classical optical systems by using plasmonic metamaterials, defined as plasmon induced transparency (PIT) [4] . A lot of artificial micro-and nano-structures have been proposed to realize PIT, such as cut wire plus split ring resonator (SRR) combinations [4] - [9] , dipole quadruple coupled systems [10] , [11] , multi-layer fish scale structures [12] . In addition, Fano resonators [13] - [20] have also been introduced into PIT researches. For example, Fano resonances in a single metamaterial unit cell can also present a PIT effect by breaking symmetry or changing the lattice period [21] , [22] . Owing to the strong dispersion and the high Q factor of the transmission peak associated with them, the PIT metamaterials have enormous potential applications in slow light devices [4] , [5] , [23] , [26] , [27] , sensors [11] , [24] , [28] , active devices [9] , [25] , and enhanced nonlinear interactions [29] . Among these structures, SRRs are extensively adopted in metamaterial design, because they can be stimulated not only by the electric field but also by the magnetic field [30] - [33] . Nevertheless, due to fabrication limitations, most SRR-based PIT metamaterials were applied in planar or multi-layer configurations, in which the SRRs are stimulated by electric coupling with a normal incidence wave rather than by magnetic excitation. To realize a magnetic stimulation of an SRR array under normal incidence, the pattern has to stand up on the substrate, which introduces difficulty in fabrication. Tsai and co-workers have made some intriguing studies on fabrication and characterization of erected SRRs in the near-infrared and infrared bands [34] - [37] . Fan et al. demonstrated a three dimensional tunable broadband terahertz (THz) metamaterial consisting of two stand-up SRRs on silicon fabricated on a sapphire wafer [38] . But until now, terahertz PIT metamaterials with stand-up SRRs have not been investigated, in which the strong magnetic plasmon coupling may enhance the dispersion and their slowing light performance. In this paper, we design a stereo PIT metamaterials consisting of three vertical SRRs (VSRRs) in the THz region, in which the LC resonance of the VSRRs can be stimulated by both the electric and magnetic fields of the normal incidence. In addition, the VSRRs allow for coupling modulation by changing their heights, which provides more freedom in plasmonic device design. With a novel magnetic excitation method and three-dimensional parameters to tune the EIT-like behavior, our stereo PIT metamaterial makes a significant step forward for specific PIT devices and THz metamaterial applications. 
II. PIT UNIT DESIGN AND SIMULATIONS
In our design here, the aluminum VSRRs have a base and two cylinder arms on a 5-mm-thick quartz substrate. Fig. 1 shows the diagram of a VSRR unit cell, where the geometrical parameters of the VSRRs are l = 41 μm, t = 1.5 μm, w = 6 μm, h = 39.5 μm. The VSRRs are placed in a square lattice with a period of 100 μm along both x and y axes. It is known that the LC resonant of an SRR is not only in connection with its total length as shown by the model of standing-wave plasmonic resonances [39] , but also in connection with the incidence polarization as pointed out in [32] . For a VSRR standing up on the substrate, there are two excitation approaches to produce its LC resonance when the incident electromagnetic field orientation is illustrated in Fig. 2(a) . The first way is called magnetic excitation (ME) with the E-field along the pillars and the H-field penetrating through the VSRR (Fig. 2(a) middle panel) . The other one is called electric-magnetic excitation (EME) as shown in the right panel of Fig. 2(a) . With E-field along the VSRR base side and H-field penetrating through the gap, the VSRR can be excited by both the E-field and the H-field. Electric excitation (EE) is also shown in Fig. 2 (a) (left panel) for contrast, where the SRR lies flat on the silica substrate and forms a typical planar SRR unit. Fig. 2(b) shows the amplitude transmissions of the VSRR unit cell under different excitations, simulated by the commercial electromagnetic solver CST Microwave Studio. In the simulation, periodic boundary condition is applied, the substrate quartz is modeled as a lossless dielectric with permittivity ε = 3.8, and the thickness of the quartz substrate is set as 5 mm. As shown in Fig. 2(b) , the resonance dips of different VSRR orientations are ω EE = 0.91 THz, ω ME = 1.16 THz, ω EME = 1.22 THz, respectively. Obviously, with different excitation approaches, the resonances of the same VSRR are different, where the resonance frequency of the EME is a little bit higher than that of the ME. This resonance frequency departure is mainly caused by the existence of the quartz substrate. For both vertical excitations of ME and EME, the resonance frequency is much higher than the planar excitation method EE (the frequency difference being about 0.3 THz). On the other hand, the Q factors of these three excitation configurations are also different, in which ME has the highest Q factor Q ME = 45.77, followed by Q EME = 18.95 and Q EE = 17.27.
To form a stereo PIT structure, we designed a triple VSRR (TSRR) structure composed of a single VSRR and two orthogonal placed VSRRs as illustrated in Fig. 3 (a). These three VSRRs have the same geometry parameters as the one shown in Fig. 1 , except with different base lengths l. The left single VSRR has a longer base of l 1 = 41 μm, serving as the radiative element that couples directly to the incident THz wave by EME excitation. The other two VSRRs on the right side with a shorter base of l 2 = 36 μm serve as the sub-radiative elements, which do not couple to the incident THz wave directly. The separation between the radiative and sub-radiative VSRR elements are defined as d. Both of them are placed on a quartz substrate (ε = 3.8) with a thickness of 5 mm. Fig. 3(b) presents the simulated amplitude transmission of the PIT structure, as well as the transmissions of the radiative element and the sub-radiative elements under the same incidence polarization, respectively. As can be seen, the radiative mode is strongly coupled to the incidence wave by EME excitation and yields an obvious resonance around ω 0 = 1.21 THz (black line), while the transmission of the sub-radiative mode is nearly flat (blue line) and no resonance feature can be observed. When the two meta-atoms form a PIT structure, the transmission is shown as the orange line in Fig. 3(b) . In the vicinity of ω PIT = 1.21 THz (ω PIT is the PIT peak frequency), due to the destructive interference between the radiative and sub-radiative modes, the original resonance dip of the radiative meta-atom is replaced by a narrow transparency window squeezed by two adjacent split resonances at ω 1 = 1.17 THz and ω 2 = 1.25 THz.
To further elucidate the coupling between the radiative and the sub-radiative modes, the surface current and magnetic field distribution patterns of the PIT unit at ω 1 , ω PIT and ω 2 are shown in Fig. 3(c) -(h), respectively. From the surface current patterns in Fig. 3(c) and (e) we can conclude that the resonances at 1.17 and 1.25 THz are the anti-parallel and parallel states, respectively. Importantly, at the transparency window, the induced magnetic field of the radiative VSRR penetrates the sub-radiative VSRRs and excites the sub-radiative mode, which in turn couples with the radiative mode destructively. As a result, the excitation of the radiative element is suppressed, indicated by the transparency peak at the vicinity of 1.21 THz, as shown in Fig. 3(d) .
The magnetic field distribution in Fig. 3 (f)-(h) proves the surface current differences in Fig. 3(c) -(e). At frequency of ω PIT = 1.21 THz, the magnetic field lines can only be found in the sub-radiative VSRRs. This is a typical sign of the destructive coupling between the radiative and sub-radiative elements and proves the PIT effect in our stereo structure [4] .
III. DISCUSSION
The destructive coupling between the radiative and subradiative VSRRs directly results in the PIT transparency window. To deeply explore its effect on the PIT transmission, we vary the mutual distance d between the radiative and subradiative VSRRs in the simulations. When d is increased from 12 μm to 30 μm, the corresponding simulated transmission spectra are illustrated in Fig. 4(a) . With an increase of d, the coupling between the radiative and the sub-radiative elements gradually becomes weaker, leading to a consequent shrink of the PIT window. Besides, the frequency separation between the parallel and anti-parallel resonances becomes smaller when d is increased.
Theoretically, the PIT characteristics of the TSRRs can be qualitatively understood by the Fano resonance model, which deals with the coupling between two resonance modes. Particularly, in a PIT structure, the radiative and sub-radiative modes satisfy three conditions: (i) sufficiently small frequency detuning between the two coupled resonances; (ii) different resonance line-widths; and (iii) appropriate resonance ampli- tudes. According to the Fano resonance model, when coherent coupling between two resonances occurs, destructive interference can suppress the broader resonance, resulting in an induced transparency window [15] , [40] , [41] , in which this process can be described by the Fano resonances model as follows [40] , [42] , [43] :
where ω 1 (ω 2 ) and γ 1 (γ 2 ) denote the position and linewidth of the left-side (right-side) dip, respectively, q 1 (q 2 ) is the BreitWigner-Fano coefficient, parameter b is a slowly varying transmission, and a i is the contribution of the ith-order continuum state that couples with the discrete resonant state. As shown in Fig. 4 (a) and (b), with the parameters shown in Table I , the fitted transmissions based on (1) agree quite well with those simulated. It is worthwhile to notice that when d goes beyond 21 μm, the Fano model is not suitable because of the coupling between adjacent unit cells. Since our PIT units have a three-dimensional structure, the height of the pillars becomes a new degree of freedom for modulation. In our further analysis, the vertical height h of all three VSRRs is varied. Fig. 5 illustrates the change of the transmission spectra with respect to h. At first, with h = 0 μm in Fig. 5(a) , the whole unit returns to three flat metallic bars and only the radiative VSRR is excited by the electric field of the incident wave as an electric dipole. Due to its electric resonance, a shallow resonance arises between 1.5 THz and 2.2 THz.
As the height of the pillars grows up to 14.5 μm, the standup U-shape structure of the radiative mode VSRR is formed and it begins to support the magnetic coupling with the incidence wave. The formation of EME in the radiative mode VSRR causes the single resonance dip in Fig. 5(b) . However, according to Faraday's law, the induced current in the SRR ring is caused by change of the magnetic flux Φ = S B · d S, which is proportional to the area of the VSRRs, thus the height of the pillars. When h = 14.5 μm, the height of the pillar is too short and the magnetic coupling between the radiative and sub-radiative modes is not strong enough for a PIT behavior. So there is no observable PIT effect in Fig. 5(b) .
Then parameter h is further increased to 19.5 μm, which is now long enough for the right sub-radiative VSRRs to couple with the excited left radiative VSRR. Consequently, from Fig. 5(c) we can see that a PIT transparency window appears at 1.52 THz, just the same frequency as the resonance dip in Fig. 5(b) .
After that, as h rises from 24.5 to 39.5 μm, the frequency of the transparency peak gradually shifts from 1.46 to 1.21 THz (Fig. 5(d)-(f) ), which can be attributed to the increasing geometry dimension of the SRR units. In general, when h varies between 1.5 μm to 24.5 μm, we can control the forming process of the transparency window by the z-axial parameter h. Furthermore, between h = 24.5 μm to h = 39.5 μm range, a modulation of the transparency window frequency from 1.46 THz to 1.21 THz can be achieved. From the above analysis we can see that compared with 2D SRRs, the 3D VSRRs allow for further modulation by introducing a variable parameter along the z-direction. Differing from 2D SRRs where the variation of dimensions is confined in the x-y plane, our PIT metamaterial consisting of VSRRs effectively offers a novel degree of freedom in design.
To further understand the influence of destructive coupling between the radiative and sub-radiative meta-atoms, we have also rotated the orientation of the two sub-radiative 
VSRRs in opposite directions with various angles of
• around their own pillars with respect to the radiative VSRR. When the VSRRs turn outward, we define α as positive. When the two VSRRs turn inward, we define α as negative, as illustrated in Fig. 6(a) . The simulated amplitude transmission is illustrated in Fig. 6(b) . When the two VSRRs turn outward, the low frequency transmission dip becomes weaker while the high frequency dip strengthens. Naturally, the PIT transparency peak gradually vanishes and turns into a resonance dip at 1.26 THz, suggesting that the destructive interference between the radiative and sub-radiative modes diminishes and eventually disappears. Conversely, the low frequency transmission dip becomes stronger and the high frequency dip weakens when the two VSRRs turn inward. The destructive interference also becomes weaker so that the trans- parency peak narrows down and becomes lower. We see that the PIT phenomena the in transmission spectra can still be observed when α is not too far from 0
• . To elucidate this changing process of the spectra in further detail, the surface current distributions of two typical rotated samples at the corresponding resonance dips are shown in Fig. 7 with α = 20
• and Fig. 8 with α = −10 • . When the two VSRRs turn outward, the low frequency transmission dip becomes shallower and narrower because the surface current in the radiative VSRR is opposite to the y components of the induced currents in the sub-radiative VSRRs with a π phase difference. Thus, the net induced current oscillation along the y direction decreases. With α increases from 10
• to 30 • , the y direction component of the induced currents in the sub-radiative VSRRs becomes larger, and as a result the low frequency dip keeps shrinking and eventually disappears (α = 30
• ). While the high frequency transmission dip becomes deeper and wider because the induced currents in the radiative and the sub-radiative VSRRs are supportive along the y direction, as shown in Fig. 7(b) .
When the two VSRRs turn inward, these two dips change reversely: the low frequency dip is enhanced while the high frequency dip is suppressed. The reason is similar (Fig. 8) : the induced currents in the radiative and sub-radiative VSRRs are supportive at the low frequency dip but opposite at the high frequency dip, which influences the net induced current in the y direction. As the y component of the induced currents in the sub-radiative VSRRs further increases, the high frequency dip vanishes eventually (α = −15
• ).
IV. CONCLUSION
In conclusion, we have designed a stereo metamaterial in the terahertz region which shows an outstanding PIT effect. Using numerical simulation, we presented the EIT-like transmission in the TSRR structure and demonstrated its PIT effect by proving the destructive interference between the radiative and sub-radiative VSRRs. This destructive interference can be theoretically considered as a Fano type coupling which is also proved in our work by a fitting for different separations between the radiative and sub-radiative elements. Stereo elements added height as a new degree of design freedom to manipulate the PIT performance. By varying the height of the VSRRs, a tunable behavior of the EIT resonance effect has been achieved. Moreover, by rotating the sub-radiative VSRRs, we observed that the two transmission dips changed reversely because of the variance of the net induced surface current in the y direction. This research not only enriches PIT metamaterials in the terahertz region, but also extends the design dimension of metamaterials, which may pave a novel way for the researches on metamaterial based devices. 
